The mass spectrum of bb states has been obtained using the phenomenological relativistic quark model (RQM). The Hamiltonian used in the investigation has confinement potential and confined one gluon exchange potential (COGEP). In the frame work of RQM a study of M1 and E1 radiative decays of bb states have been made. The weak decay widths in the spectator quark approximation have been estimated. An overall agreement is obtained with the experimental masses and decay widths.
The BaBar collaboration first reported the evidence for the spin singlet P wave state h b (1P ) in the transition Υ(3S) → π 0 h b (1P ) → π 0 γη b (1S) [7] . Later the Belle collaboration found h b (1P ) through Υ(5S) → h b (1P )π + π − transition [8] . The measured masses of h b (1P ) and h b (2P ) were 9898.25 ± 1.06
+1.03 −1.07 MeV and 10259.76 ± 0.64 +1.43 −1.03 MeV respectively. The two triplet P-wave states χ bJ (2P ) and χ bj (1P ) with J=0,1,2 were discovered in radiative decays of the Υ(3S) and Υ(2S) respectively [9, 10, 11, 12] . The states χ bJ (nP ) were produced in the proton -proton collisions at the LHC at √ s = 7 TeV and recorded by the ATLAS detector [13] . In addition to this, a new state χ bJ (3P ) centred at a mass of 10530 ± 5 ± 9 MeV has been observed in both the Υ(1S)γ and Υ(2S)γ decay modes. This state was confirmed by the D0 collaboration which observed the χ bJ (3P ) state in the Υ(1S)γ final state with mass of 10551 ± 14 ± 17 MeV [14] . The LHCb collaboration has measured the mass of the χ b1 (3P ) to be 10515 +2.2 −3.9 (stat) +1.5 −2.1 (syst) MeV [15] .
The spin triplet D-wave state Υ(1 3 D 2 ) was observed through the decay chain Υ(3S) → γγΥ(1 3 D 2 ) → γγπ + π − Υ(1S) [16, 17] . The Υ( 3 D J ) was discovered in the π + π − Υ(1S) final state with mass M = 10164.5 ± 0.8(stat) ± 0.5(syst) MeV [17] . The radial excitations of vector bottomonium family Υ(4S), Υ(10860) and Υ(11020) were also observed [18, 19] . The two states X(10610) ± and X(10650) ± were observed by the Belle collaboration in the mass spectra of π ± Υ(nS) (n=1,2,3) and π ± h b (nP ) (n=1,2) pairs [20] . These states do not fall into the usual scheme of mesons since they posses electrical charge. These states can be identified as molecular states, since these are very near to the BB * and B * B * thresholds.
QCD motivated potential models have played an important role in the understanding of quarkonium spectroscopy. These models have successfully predicted the bottomonium spectrum but over estimated the decay rates. In the present work we study bottomonium spectrum in detail using relativistic quark model. The paper is organized in 4 sections. In sec. 2 we briefly review the theoretical background for relativistic model and the relativistic description of radiative decay widths. In sec. 3 we discuss the results and the conclusions are drawn in sec. 4 with a comparison to other models.
Phenomenological Understanding

The Relativistic Harmonic Model
Describing a bottomonium bound state problem, incorporating the elements of non perturbative low energy dynamics is a challenging problem. The two main approaches in this line have been effective field theories [21, 22, 23] and lattice gauge theories. Though the calculations away from threshold have been proven successful, the threshold region remain still tricky. And hence a relativistic potential model would be a befitting one for our study of bottomonium states. Essentially in all phenomenological relativistic QCD base quark models, the Hamiltonian for the quark system consists of a two body confinement potential and Coulomb like potential which takes care of relativistic effects. The Hamiltonian in our model has the confinement potential and a two body confined one gluon exchange potential(COGEP) [24, 25, 26, 27] . The RHM equation is [28, 29, 30] :
The Dirac wave function ψ is written as | ψ = N φ χ ,where φ is the large componet and χ is the small component for positive energy state solution in the non-relativistic limit. Using standard matrix form of α and β,the Dirac equation is expressed in terms of the large and small components.
Hence, solution of the full Dirac equation ψ is written as
where γ 0 is the Dirac matrix, M is a constant mass and A 2 is the confinement strength.
with normalization constant
E is the eigenvalue of the single particle Dirac equation with interaction potential given by equation (??). We perform a unitary transformation to eliminate the lower component of ψ. With this transformation, φ satisfies the 'harmonic oscillator' wave equation
the eigenvalue of which is given by
where N OSC = 2n+l is the oscillator quantum number and Ω N is the energy dependent oscillator size parameter given by
The total energy or the mass of the meson is obtained by adding the individual contributions of the quarks. The spurious centre of mass (CM) is corrected [31] by using intrinsic operators for the i r 
Confined One Gluon Exchange Potential
NRQM employing OGEP, which takes into consideration the confining effect of quarks on mesonic states, does not shed light on confinement of gluons. Hence one needs to incorporate confining effects of gluons on mesonic states since confined dynamics of gluons plays a decisive role in determining the hadron spectrum and in hadron-hadron interaction. There are various confinement models for the gluons. The effect of the confined gluons on the masses of mesons has been studied using the successful current confinement model (CCM). The confined gluon propagators (CGP) are derived in CCM to obtain the COGEP.
The central part of the COGEP is [24, 25, 26, 27] 
where λ i , λ j are the color matrices, D 0 ( r) and D 1 ( r) are the propagators given by
Here Γ 1/2 = √ π, W's are Whittaker functions and c(fm −1 ) is a constant parameter which gives the range of propagation of gluons and is fitted in the CCM to obtain the glue-ball spectra and r is the distance from the confinement center.
The spin orbit part of COGEP is
whereP 1 ,P 2 are the momentum of quarks. The spin orbit term has been split into the symmetric (σ 1 + σ 2 ) and anti symmetric (σ 1 − σ 2 ) spin orbit terms.
The tensor part of the COGEP is,
where
The total potential is then
We then obtain Hamiltonian by adding interaction potential given by equation 15 to the the 'harmonic oscillator' wave equation 6,
Radiative Decays
We consider two types of radiative transitions of the bb meson:
Electric Dipole (E1) Transitions
The partial widths for electric dipole (E1) transitions between states 3 S 1 and 3 P J are given by
where k 0 is the energy of the emitted photon,
α is the fine structure constant. Q b = 1/3 is the charge of the b quark in units of |e|. m i and m f are the masses of initial and final mesons. The statistical factor S
, J, J ′ are the total angular momentum of initial and final mesons, l, l ′ are the orbital angular momentum of initial and final mesons and s is the spin of initial meson.
is the radial overlap integral which has the dimension of length, with R nl (r) being the normalized radial wave functions for the corresponding states.
Magnetic Dipole (M1) Transitions
The M1 partial decay width between S wave states is [32, 33, 34, 35, 36, 37, 38 ] 
Mass Spectra
The quark-antiquark wave functions in terms of oscillator wave functions corresponding to the relative and center of mass coordinates have been expressed here, which are of the form,
where N ′ is the normalising constant given by
n are the associated Laguerre polynomials.
The harmonic oscillator wave function allows the separation of the motion of the center of mass and has been widely used to classify the spectra of baryons and mesons [39, 40] and extending to nucleon-nucleon interaction is straight forward [41, 42, 26] . If the basic states are the harmonic oscillator wave functions, then it is straightforward to evaluate the matrix elements of few body systems such as mesons or baryons. Since the basic states are the products of the harmonic oscillator wave functions they can be chosen in a manner that allows the product wave functions to be expanded as a finite sum of the corresponding products for any other set of Jacobi coordinates. It is advantageous to use the Gaussian form since in the annihilation of quark-anti quark into lepton pairs, the amplitude of the emission or absorption processes depends essentially on the overlap of initial and final hadrons and hence the overlap depends only on the intermediate distance region of the spatial wave functions which can extend up to 0.5 fm. This intermediate region can be described by potentials that are similar in this region and hence harmonic oscillator wave functions are expected to reproduce emission and absorption processes quite well.
The five parameters used in our model are the mass of beauty quark m b , the harmonic oscillator size parameter b, the confinement strength A 2 , the CCM parameter c and the quark-gluon coupling constant α s . There are several papers in literature where the size parameter b is defined [43, 44] . The value of b is fixed by minimizing the expectation value of the Hamiltonian for the vector meson. To start with, we construct the 4
The parameter c in CCM [24, 45, 46] was obtained by fitting the iota (1440 MeV)0 −+ as a digluon glue ball.To fit α s , m b we start with a set of reasonable values and diagonalize the matrix for bb meson. Then we tune these parameters to obtain an agreement with the experimental value for the mass of bb meson. In literature we find different sets of values for m b , which are listed in Table 1 . The values of strong coupling constant α s in literature are listed in Table 2 . The value of strong coupling constant (α s ) used is compatible with the perturbative treatment. The mass spectrum has been obtained by diagonalizing the Hamiltonian in a large basis of 5 × 5 matrix. The calculation clearly indicates that masses for both pseudo scalar and vector mesons converge to the experimental values when the diagonalization is carried out in a larger basis. In our earlier work also, we had come to the similar conclusion while investigating light meson spectrum [29, 56] . The diagonalization of the Hamiltonian matrix in a larger basis leads to the lowering of the masses and justifies the perturbative technique to calculate the mass spectrum. The calculation clearly indicates that when diagonalization is carried out in a larger basis convergence is achieved both for pseudo-scalar mesons and vector mesons to the respective experimental values. We use the following set of parameter values. 
The calculated masses of the bb states after diagonalization are listed in Table 3 
The experimental value of hyperfine mass splitting for the ground state is given by [57] M (
The hyperfine mass splitting calculated in our model is in good agreement with both experimental data [57] and lattice QCD result (60.3 ± 7.7) MeV [58] . The EFTs have predicted a hyperfine mass splitting of 41 ± 11
MeV [59] which is lower than the experimental value.
We predict a mass of 10001.12 MeV for the η b (2S) state which is in good agreement with the experemental value 9999.0 ± 3.5MeV [57] . The calculated mass of spin triplet state(Υ(2S)) of η b (2S) is 10024. 
Radiative Decays
Radiative decays of excited bottomonium states are the powerful tools which can be used to study the internal structure of bb states and they provide a good test for the predictions from the various models. Radiative transitions between different bottomonium states can be used to discover new bottomonium states experimen-6
tally.
The possible E1 decay modes have been listed in Table 4 and the predictions for E1 decay widths are given. Also our predictions have been compared with other theoretical models. Most of the predictions for E1 transitions are in qualitative agreement. However, there are some differences in the predictions due to differences in phase space arising from different mass predictions and also from the wave function effects particularly from relativization procedure. We find our results are compatible with other theoretical model values for most of the channels. Relativistic corrections to the wave functions tend to reduce the E1 transition widths for most of the channels. We find that the E1 transitions 3S → 1P are suppressed compared to other E1 transitions and it is interesting to see that the E1 transition rates for 3S → 1P are zero in the nonrelativistic case [65, 66] . We find that these E1 transisitions are very sensitive to relativistic effects. The M1 transitions contribute little to the total decay widths of bottomonium states and are weaker than the E1 transitions of bottomonium states. M1 transitions have been used to observe the spin-singlet states [61] . Allowed M1 transitions correspond to triplet-singlet transitions between S-wave states of the same n quantum number, while hindered M1 transitions are either triplet-singlet or singlet-triplet transitions between S-wave states of different n quantum numbers.
In order to calculate decay rates of hindered transitions we need to include relativistic corrections.There are three main types of corrections: relativistic modification of the non relativistic wave functions, relativistic modification of the electromagnetic transition operator, and finite-size corrections. In addition to these there are additional corrections arising from the quark anomalous magnetic moment. Corrections to the wave function that give contributions to the transition amplitude are of two categories. Firstly from higher order potential corrections, which are distinguished as a) Zero recoil effect and b) recoil effects of the final state meson and secondly from colour octet effects. The colour octet effects are not included in potential model formulation and are not considered so far in radiative transitions.
The M1 transition rates of bottomonium states have been calculated using equation (19) . The resulting M1 radiative transition rates of these states are presented in Table 5 . In this table we give calculated values for decay rates of M1 radiative transition in comparison with the other relativistic and non relativistic quark models. We see from these results that the relativistic effects play a very important role in determining the bottomonium M1 transition rates. The relativistic effects reduce the decay rates of allowed transitions and increase the rates of hindered transitions. The M1 transition rates calculated in our model agree well with the 7 values predicted by other theoretical models. 
Conclusions
The bottomonium mass spectrum and electromagnetic transitions are investigated by adopting the quarkantiquark potential consisting of the confined one-gluon-exchange and the Lorentz scalar plus vector harmonic oscillator confinement potentials. We perform a nonperturbative calculations with Hamiltonian including spinindependent and dependent potentials.
The bottomonium spectrum predicted by our quark model is in good agreement with the experimental data. We have calculated a large number of electromagnetic decay widths showing that our results are in reasonable agreement with the other model caculations in most of the cases. The hyperfine mass splitting between the singlet and triplet 1S as well as 2S states are consistent with the experimental data and also with lattice QCD results. We have also predicted radially excited states of η b and their triplet states. The masses of P wave states calculated in our model are in good agreement with the experimental values and other theoretical models. Some of the higher excited states are 50-100 MeV heavier in our model. This may be due to the fact that coupled channel effects are significant in these states.
Radiative decays are the dominant decay modes of the bb excited states having widths of about a fraction of MeV. In order to understand the bb spectrum and distinguish exotic states from conventional ones, it is very essential that the masses and the radiative decay widths of bb states are accurately determined. The calculated M1 transition rates reasonably agree with the other theoretical model predictions as listed in table 5. It is clearly seen in this calculation that the relativistic effects play an important role in determining the M1 radiative transition rates, since the hindered transition rates are zero due to the wave function orthogonality in the NRQM formalism. The inclusion of relativistic effects enhances the non-relativistically-hindered radiative transition rates, predicting them larger than the allowed ones by an order of magnitude. It is a good example for the importance of relativity, even for some properties of heavy mesons.
